Abstract--Formation of authigenic trioctahedral Mg-rich smectite is common in evaporative lake sediments, hut was not described previously in modern marine evaporative environments. This study documents formation of au~higenic K-rich, Mg-smectite during very early diagenesis in the dominantly siliciclastic Salina Ometepec (Baja California), a large supratidal evaporative sabkha complex near the mouth of the Colorado Rivet. Here, sediment pore waters are exceptionally Mg2+-rich relative to other marine evaporative environments due to suppressed sulfate reduction which limits production of carbonate alkalinity and, hence, carbonate (particularly dolomite) precipitation. Sediment cores were obtained along a five km transect seaward across the hypersaline mud flat to evaluate how these atypical geochemical conditions would affect the clay mineral compositions.
INTRODUCTION
Studies of modern hypersaline alkaline lacustrine or playa environments in arid continental settings show that the compositions of smectite-like clay minerals may be modified by interactions with chemicallyevolved brines. (e.g., Tardy et al., 1974; Gac et al., 1977; Ataman and Baysal, 1978; Stoffers and Singer, 1979; Singer and Stoffers, 1980; Jones and Weir, 1983; Jones and Spencer, 1985) . Hypersaline lake and sediment pore waters commonly have relatively high pH values (7-10) and high Na +, HCO3-, and CO32 concentrations (e.g., Eugster and Hardie, 1978; Eugster and Jones, 1979) . The TEM and AEM study of authigenesis in the alkaline playa Lake Abert (Oregon) by Banfield et al. (1991a Banfield et al. ( , 1991b showed that Mg-rich trioctahedral smectite similar to stevensite in compo- (Bodine and Madsen, 1987) , and the Permian-age sediments, west Texas (Fisher, 1988; Andreason, 1992) . Evaporative marine depositional environments differ significantly from lacustrine settings in having pH values (7-8) and solute concentrations controlled primarily by the extent of seawater evaporation (e.g., Carpenter, 1978; Holser, 1979) . The formation of Mg-rich smectite in modern marine sediments was described for marine shelf environments (Drever, 1971) , but no studies of clay mineralogy and chemistry in modern marine hypersaline sabkha environments are available.
The hypersaline, supratidal sabkha complex of the Salina Ometepec, along the northwest margin of the Gulf of California (Sea of Cortez), Mexico, provides an excellent modern laboratory for observing the potential interaction of marine brines with the rapidly deposited clay-rich sediments supplied by the Colorado River. The mass-balance considerations of Na+-C1--Br of these Salina Ometepec surface and pore water brines indicates that salinity is derived largely from the evaporation of seawater to the point of halite saturation. Selective dissolution and recycling of previously precipitated, late-stage evaporite minerals can occur near the sediment-water interface (e.g., sylvite (KC1), carnalite (KMgC13-6H20), bishoffite (MgC12.6H20), and kieserite (MgSOm.H20)). This process can contribute excess Mg 2+, K + and Br-to the overlying surface water relative to concentrations expected for evaporation alone Martini, 1997) .
The extreme salinity and temperature fluctuations at the Salina Ometepec severely limit the organic matter supply to these sediments and inhibit microbial sulfate reduction and production of carbonate alkalinity in the pore waters (Hansen et al., 1993; Martini and Walter, 1993) . Lack of sulfate reduction in Salina sediments contrasts with normal marine siliciclastic environments, where sulfate reduction via microbial oxidation of organic matter is common and the generation of HCO3-and HzS in pore waters promotes the formation of authigenic Ca-, Mg-and Fe-carbonates and Fe-sultides (e.g., Berner, 1984) . Lack of HCO 3-generation in the largely "aseptic" Salina Ometepec sediments prevents significant removal of Ca 2+ and Mg 2+ by calcite and dolomite mineral precipitation, and results in more elevated Mg2+/Ca2+ ratios and higher Mg 2+ concentrations in pore waters than are typically observed in carbonate-dominated sabkhas (e.g., Butler, 1969) .
The goal of the present study was to determine whether the unusually Mg 2+-and K+-rich nature of the hypersaline waters in the Salina Ometepec sabkha complex would promote either early Mg 2+ and K + fixation in detrital smectite or neoformation of Mg 2+-and K+-rich smectite-like clay minerals during early diagenesis. The textural, compositional, and structural characteristics of smectite from the hypersaline sabkha sediments, as determined by XRD, STEM, and AEM methods, were compared to the characteristics of smectite from the adjacent normal salinity (marine) Gulf of California sediments to determine how the evolution of pore water compositions during evaporation affected the early elemental fixation of Mg ~+ and K § in the clays.
PHYSICAL AND HYDROGEOCHEMICAL FRAMEWORK OF THE SALINA OMETEPEC
The Salina Ometepec is part of a large (--100 • 20 km) coastal hypersaline, supratidal, sabkha complex that borders the northwestern Gulf of California near the mouth of the Colorado River (Figure 1 ). The complex lies in a tectonically active region including the San Andreas strike-slip and Gulf of California extensional fault systems (Larson et al., 1968; Humphreys and Weldon, 1991; Suarez-Vidal et al., 1991; Ortlieb, 1991) . The coastal mud flat complex is flanked on the west by the San Felipe Mountains (Thompson, 1968) composed of medium-K to high (1-4 wt. %) calc-alkaline andesite with lesser amounts of dacite, basalt, and rhyolite volcanics of Miocene to Pliocene age (Sawlan, 1991) . The mountains are bounded on the east by the E1 Chinero fault, which extends northward from E1 Chinero and is part of the Main Gulf Escarpment fault system (Suarez-Vidal et al., 1991) . This active fault separates the Pliocene-to Pleistocene-age alluvial fans, containing detritus shed from the mountains, from the subsiding Holocene-age coastal mud flat deposits associated with the mouth of the Colorado River (Suarez-Vidal et al., 1991) .
The supratidal environment is --3-5 m above mean sea level (Thompson, 1968) and is flooded intermittently by seawater from both high spring tides and local storms (Vonder Haar and Gorsline, 1975) . Because of warm temperatures (mean annual, 18~ summer, 38-45~ low annual rainfall (<8 cm y ~), and high evaporation rates (--290 cm y-~) (Thompson, 1968) , the supratidal environment is characterized by an evaporative sabkha system including a salina occupying a slight depression near the landward margin of the sabkha and hypersatine mud flats (Thompson, 1968; Kinsman, 1969; Shearman, 1970; Seidell, 1984) (Figure 1 ). The sabkha complex is recharged with Gulf of California seawater during flooding from the south at the Inlet (Figure 1) .
The silt and mud-rich sediments comprising the supratidal mud flat are derived primarily from the suspended load of the Colorado River (Thompson, 1968; Walker and Thompson, 1968) , which is composed of subequal amounts of dioctahedral smectite (montmorillonite), illite, and kaolinite (Grim et al., 1949; Thompson, 1968) . Provenance studies of the sandsized grains consisting of quartz, K-feldspar, plagioclase feldspar, illite and/or muscovite, and chlorite, (Thompson, 1968 ) also indicate a source predominantly from the Colorado River (Merriam and Bandy, 1965; Thompson, 1968 Thompson, 1968; Orttieb, 199 l) . The dashed line refers to mean sea level (MSL).
and sand accumulation in the sabkha with Colorado River suspended and bed load mineralogies suggesting that much of the sediment may be remobilized from offshore subtidal sediments (Thompson, 1968) . A linear sedimentation rate of --11 cm y i was determined from excess 21~ data for the top 15 cm of sabkha sediments (Martini, 1997) . This rate suggests reworking of previously sediments as the dominant depositional process. Current Colorado River discharge volumes have declined over 96% since completion of the Hoover Dam (Baba et al., 1991a (Baba et al., , 1991b , and could not support this sedimentation rate. Outwash from the alluvial fans associated with the San Felipe mountains contributes some predominantly sand-sized material composed of K-feldspar, plagioclase feldspar, biotite, volcanic glass, and rock fragments (Thompson, 1968 ) along a thin belt on the western margin of the mud-flat (Figure 1 ). The proportion of clay-sized material in these deposits is small (Thompson, 1968; Seidell, 1984) . Occasional, heavy rains may transport some of this material into the salina and mud flat. Aeolian deposition of fine silt-and clay-sized particle derived from weathering and erosion of alluvial fan material (especially micas) on the mud flat also occurs (Seidell, 1984) .
During closed-system evaporation of seawater (e.g., no sediment-brine interaction), Br commonly behaves as a conservative element whose concentration depends only on the extent of evaporation (e.g., Carpenter, 1978; Holser, 1979; McCaffrey et al., 1987) . Martini and Walter (1993) evaluated sediment-pore water interactions in the Salina Ometepec hypersaline sabkha mud flat by considering deviations of element/Brratios relative to established trends for conservative behavior. The Na § -systematics of Salina surface waters are consistent with evaporation of seawater to the point of halite saturation, modified by the dissolution of previously deposited halite crusts during flooding of the sabkha mud flat by more dilute seawater Martini, 1997) . However, the composition of sediment pore waters also reflects the selective dissolution of Br--rich late-stage K +-and Mg2 § salts such as sylvite or carnalite (Martini, 1997) . The dissolution of these more sol- Seawater concentrations from Millero (1974) ; all others from Martini (1997) ; mM = milli-mole/liter. Alk. = total alkalinity as UCO 3 . n.d. = not determined. uble late-stage chloride minerals increases the Br-, Mg 2+, and K + concentrations in pore waters relative to conservative evaporation trends and makes Br concentrations a less reliable index of degree of evaporative concentration.
Unlike organic-rich hypersaline sediment systems where microbial SO42-reduction produces alkalinity, there is little SO42-reduction and HCO3-production in low organic-carbon Salina Ometepec sediment pore waters. Here, SO42-and Ca 2+ concentrations of pore waters are controlled solely by gypsum precipitation. As a result, these species follow a predictable trend with seawater evaporation and so permit better estimation of the extent of evaporation than does Br (Martini, 1997) . Even though the Mg2+/Ca 2~ ratio of Salina pore waters is high, the lack of organic matter and absence of significant HCO3 production severely suppresses dolomite precipitation. Thus, the Salina Ometepec pore waters are enriched in Mg 2+ as a result of the combined effect of lack of dolomite precipitation and Mg-salt dissolution.
In addition to excess K + in Salina Ometepec pore waters derived from the selective dissolution of authigenic K+-chloride salts, dissolution of detrital K-feldspar, biotite and illite-muscovite also contribute to elevated K + concentrations in sediment pore waters (Hansen et al., 1993; Martini and Walter, 1993; Martini, 1997) .
MATERIALS AND ANALYTICAL METHODS
Sediments, pore waters, and surface water samples were obtained from three sites along a five km transect across the Salina Ometepec in February 1993 in connection with the geochemical study of the sabkha complex (Figure 1) (Hansen et al., 1993; Martini and Walter, 1993; Martini, 1997) . Site 1 is the westernmost (landward) site and occurs within the salina itself. Site 2 and Site 3 in the supratidal mud flat, are --2.5 and 5 km to the east of Site 1, respectively. Surface waters and interstitial pore waters were collected at each site to a maximum depth of 1 m via peepers and peizometers implanted in the sediment Martini, 1997) . Data are available for overlying and pore waters including pH, C1-, Br , SO42-, Na +, Ca 2+, Mg 2+, K +, Sr 2+, Li § Ba 2+, H4SiO4, B(OH)4-, Fe 3+, Mn 2+, and Zn 2+ (Martini, 1997) . The discussion of these data focuses on the relationship between pore water composition and the formation of authigenic clay minerals in the sediment. Table 1 reports representative compositions of the Gulf of California surface water at the Inlet and hypersaline surface and sediment pore waters from the most landward Site 1 and most seaward Site 3 in the mud flat. Note that the Gulf of California surface water composition is similar to the composition of open-ocean seawater.
Sediment cores were collected at each site to a depth of --50 cm using 7.5 cm thin-walled butyrate core liners. Following lithologic description, each core was sectioned into 1 cm sample intervals and a portion dried at low heat (40~ and lightly ground in an alumina ceramic mortar and pestle for further analysis. A sample of mud-rich subtidal surface sediment from near the Inlet to the tidal flat, exposed to normal salinity surface water, was also obtained for comparison with the hypersaline tidal flat sediments. It is assumed that this Inlet sample is representative of the precursor mud-rich siliciclastic sediment initially deposited on the supratidal mud flats. This assumption is reasonable because most of the supratidal mud flat sediment was redeposited from offshore inter-and sub-tidal zones during periodic tidal flooding events (Thompson, 1968) .
XRD analyses were obtained on selected bulk samples from each of the three cores and the Inlet sample to verify the major lithologies in the mud flat and to select representative samples for clay-separate XRD and STEM/AEM analyses. Portions of the dried, homogenized bulk samples were repeatedly sieved and ground to <38 txm and mounted on glass slides as acetone smears for XRD analyses. Semiquantitative estimates of mineral proportions were obtained by comparing intensity ratios of mineral peaks relative to quartz peaks with established mineral-quartz intensity ratios in standard mixtures, recognizing that such estimates have inherently large errors to 20 wt. % (e.g., Moore and Reynolds, 1997) .
The <2-1xm clay separate fraction was obtained for samples from clay-rich zones near the top and bottom of the core, from each site on the mud fiat, and from the marine Inlet sample. Undried and unground material was suspended in distilled water in 50 ml centrifuge tubes. Because of severe flocculation, sodium metaphosphate was added to the mud fiat samples to disperse the clays. The <2 Ixm fraction was obtained by centrifugation (Jackson, 1969 ) from a single supernatant fraction, filtered (<0.45 p~m), and transferred to a glass slide using the method of Drever (1973) . The XRD analyses were carried out using a Philips model XRG 3100 diffractometer operated at 35 kV and 15 mA, using CuKa radiation, a scintillation detector with pulse height analyzer, theta-compensating slits, 0.5 rnm (0.5 ~ receiving slit, and graphite-crystal monochromator. Digitally recorded patterns (step size of 0.01 ~ and count rate of 1 s/step) were analyzed with a computer program written at the University of Michigan.
A second set of XRD experiments was done on Mg 2 § and K+-saturated samples at Rutgers University. Samples from the Inlet and the Site 3 43-44 cm interval were placed in solutions of 1 N KC1 and 1 N MgC12. The samples were mixed in an ultrasonic bath for 20 min, then repeatedly rinsed with distilled water and centrifuged at high speed (-3500 rpm) until no AgC1 precipitated from the supernatant water with the addition of AgNO 3 (e.g., Jackson, 1969) . The <2-txm clay fraction was obtained by centrifugation and filtration and transferred to glass slides as described above. XRD patterns were obtained on air-dried, ethylene glycol solvated, and heated (300~ and 550~ specimens. The XRD analyses were carried out using a General Electric XRD-5 diffractometer operated at 40 kV and 20 mA, using Ni-filtered CuKo~ radiation, a scintillation detector, 1 ~ entrance slit and 0.2 ~ receiving slit. Strip-chart patterns were obtained at a rate of 2 ~ m -~ and peak positions determined manually.
TEM analyses of microtextures, structures and compositions of clay minerals in the hypersaline sabkha and marine Inlet samples were carried out using a Philips CM-12 STEM operated at 120 kV with a beam current of -20 IxA. Samples were prepared by two methods (e.g., Peacor, 1992) : (1) Moist sediment was placed in isopropyl alcohol and suspended clay particles were picked up on a 3 mm lacy C-coated Cu-grid. The clay particles obtained are thus aligned with (001) planes approximately perpendicular to the electron beam (c* parallel to beam). (2) Globules of moist mud were placed on a flat surface of hardened castolite acrylic resin and a second layer of resin placed on top and allowed to harden. Thin sections were prepared by cutting the "sandwiched" globules approximately perpendicular to bedding and mounting them on a glass slide using "sticky wax". No water was used in the cutting or grinding procedures. A 3 mm aluminum washer was attached to the area of interest with epoxy, the washer and sample were removed from the glass slide by melting the wax, and the sample was ionthinned. These procedures were designed to preserve original textures and to permit observation of (001) lattice planes parallel to the electron beam (c* perpendicular to the beam).
Lattice fringe images were obtained at 75,000-100,000• magnification, using mainly over-focus (-100 nm) conditions to maximize contrast related to compositional differences between adjacent lattice fringes (e,g., Veblen et al., 1990) . A camera length of 770 mm and selected area aperture of 10 txm was used to obtain SAED patterns, Great care was taken to obtain SAED patterns in regions composed of a packet of layers attributed to a single crystallite, or on grains isolated in the impregnating material.
Impregnation in castolite resin stabilizes the sample without permanently expanding smectite-like layers as with LR White Resin (e.g., Kim et aL, 1995) , a technique now routinely employed but not available at the time of this study. Under the high-vacuum conditions of the STEM, smectite-like layers commonly collapse to --10 ,~ (Ahn and Peacor, 1989) , and it is not always possible to distinguish collapsed smectite layers in lattice fringe images from mixed-layer illite-smectite (I-S), illite, or muscovite layers except under over-focus conditions of -100 nm. Even so, in the present study, smectite could be distinguished from I-S, illite, and/or muscovite in these acrylic-impregnated samples. The smectite packets generally have wavy and irregular lattice fringes with spacings between 11-13 A, The SAED patterns of such material are consistent with partial turbostratic stacking (presence of both (hkO) and (hOl) reflections in a single pattern) and 1Ma polytypism (presence of diffuseness and smearing of k 3n reflections parallel to c*) (e.g., Peacor, 1992; Dong and Peacor, 1996) . Illite and/or muscovite packets are generally coarser-grained, have very straight and uniform 10-A lattice fringe spacings, and SAED patterns indicating more ordered stacking sequences and some 2M polytypism.
Chemical (AEM) analyses were obtained using a Kevex Quantum System with the Philips CM-12 STEM operated in scanning mode using a 50-A diameter spot rastered over 50 nm 2 with analytical resolution of --10-20 individual 10-,~ clay layers (Peacor, 1992) . Data were reduced assuming thin-film conditions (Lorimer and Cliff, 1976) . Jiang et al. (1990a) and Jiang et al. (1990b) describe other experimental conditions, standards, and analyses of spectra. AEM analyses obtained from both grain mounts and impregnated ion thinned samples (Tables 2 and 3) were especially when packet sizes are small, as in this study. However, care was taken to minimize such loss by incorporating the entire grain in the area of the rastered beam (e.g., Banfield et al., 1991a Banfield et al., , 1991b . The Na content was not included in the normalization calculation for smectite mounted on lacy-C Cu-grids due to interference from Cu L-lines in the spectra, or for smectite from the hypersaline mud flat samples due to halite contamination. The omission of Na from the mineral formula does not seriously affect the results because Na was determined to be a minor constituent (<0.1 cation/22 oxygen atoms; Table 3 ) in smectite from the marine Inlet sample, the assumed precursor material.
RESULTS

Clay mineralogy
The mineral proportions in the bulk Inlet sample are estimated to be --45% total clay, --35% quartz, --5% potassium feldspar, --5% plagioclase feldspar, -5% calcite, and -5% dolomite (+-20% by weight) as determined by XRD methods (Figure 2A ). The siliciclastic assemblage in the Salina Ometepec sabkha samples is essentially the same as the Inlet sample, but differs substantially in the content of evaporite minerals gypsum and halite. Two examples spanning the range in evaporite mineral content are compared in Figure 2B and 2C. The shallow 2-4 cm interval at the most landward Site 1 contains a small proportion of evaporite minerals (<25 wt. %; Figure 2B ), whereas the diffraction pattern for the 43-44 cm sample from the most seaward Site 3 is more typical of the mud flat lithologies and contains a relatively high proportion of gypsum and halite (>50 wt. %; Figure 2C ). Dolomite and celestite are also present and calcite is absent in the latter sample. The diffraction peak at --19.8 ~ results from the combined (hk(1)) reflections from smectite, illite-mica, and kaolinite peaks in ran- domly oriented sample mounts. A broad tail toward the high 20-side of the peak was interpreted to indicate the presence of turbostratic stacking in smectite (e.g., Moore and Reynolds, 1997) . Some tailing of this peak is observed in the diffraction patterns in Figure 2 and may imply that smectite is turbostrat'ically stacked. However, because of the interference of the quartz peak at --20.80 ~ and the superposition of several clay diffraction patterns at --19.8 ~ we cannot unequivocally assign this observed tailing to turbostratic stacking in smectite alone.
The presence of expandable smectite in the <2-1xm clay separate from the Inlet sample is indicated by the shift in the (001) peak from -14.1 A (--6.3 ~ in the air dried pattern to -17 ,~ (-5.2 ~ in the ethylene glycol solvated sample ( Figure 3A ; Table 2 ). The presence of higher-order diffraction peaks at -8.5 ,~, and 5.6 ,~, in the glycol solvated sample ( Figure 3A) , and absence of reflections between -10-17 A or at >17 ,~, indicate that smectite does not contain mixed-layers of illite (Reynolds, 1980; Moore and Reynolds, 1997) . The d(001)-values of this peak in air-dried, ethylene glycol solvated, and heated K § and Mg2+-saturated samples (Table 2) do not indicate that a non-smectite phase such as vermiculite or other mixed-layer clay is present (e.g., Jackson, 1969; Moore and Reynolds, 1997) . Non-expandable 10-A illite and/or mica and 7-,~ kaolinite are also present in the sample. The presence of trace chlorite was confirmed in a sample heated to 550~ (pattern not shown) by the presence of small peaks at d (001) The XRD patterns of the oriented air-dried and ethylene glycol-solvated <2-txm fractions of the two mud-flat samples are shown in Figure 3B and 3C, respectively. The character of the expandable smectite (001) diffraction peaks in the hypersaline mud flat samples differs from that observed in the Inlet sample. The smectite (001) peak in the air-dried sample occurs at a slightly larger d-value of 14.4 ,~ than in the Inlet sample, and similarly, the d(001)-values for the K +-and Mg2+-saturated samples are correspondingly larger (Table 2 ). The smectite (001) peaks shift to --17 ~, in all the ethylene-glycol solvated samples as in the Inlet sample. There is also a broad shoulder extending to the low 20 side of the peak in the pattern from the shallow landward Site 1 sample and a hint of a superlattice peak at --23.5 A in the pattern of the seaward Site 3 sample (see arrows, Figure 3B and 3C). These observations suggoest possible interlayering of an --10-9 ~ with an --14-A phase. A similar superlattice peak was observed in the diffraction patterns of trioctahedral Mg-rich stevensite by Brindley (1955) who suggested it may represent interlayering of talc-like and smectite-like layers. A trace of chlorite was also identified in the samples heated to 550~ by the presence of small diffraction peak at d (001) 
Texture and structure of smectite
The XRD results suggest that the principal differences in clay mineral assemblages in the hypersaline mud fiat samples may be related to the formation of a trioctahedral smectite; STEM analyses focused on characterization of this phase. The TEM images from the marine Inlet sample mounted on a lacy-C Cu-grid such that c* is parallel to the electron beam ( Figure  4) show that smectite occurs as thin flat sheets with generally irregular outlines, although some grains have subhedral outlines displaying 60 or 120 ~ angles consistent with pseudohexagonal symmetry. The SAED patterns taken at the thin edge of such grains show diffuse rings of spots with some sharp single-crystal hexanet reflections, or two or more such patterns related by rotation about c* imbedded in the diffuse rings (inset, Figure 4) . The inner ring of spots corremica material, K = K-feldspar, P = plagioclase feldspar, Q = quartz, S = smectite. The T E M images of smectite in an acrylic resinimpregnated Inlet sample, oriented with c* perpendicular to the electron beam, show typical microtextures ( Figure 5 ). Individual smectite crystallites consist of small packets (from three to ten layers) with wavy, irregular lattice fringes. Several crystallites, with subparallel orientations with respect to one another, cluster to form larger aggregates ( Figure 5A ). Only small portions of these aggregates are in the proper orientation to yield clear lattice fringe images ( Figure 5B ). Spacing between lattice fringes is variable, ranging from --11-13 ,~. The larger spacings are consistent with the thickness observed for smectite layers impregnated in L R white resin (e.g., Dong and Peacor, = smectite. Arrows indicate the possible superlattice diffraction peak at -2 4 A. 1996), whereas the smaller spacings are due to imperfect stabilization of the sample in the acrylic resin and partial collapse of some smectite layers to --10 ,~ in the high vacuum T E M environment (e.g., Ahn and Peacor, 1989) , It was nearly impossible to obtain S A E D patterns of smectite from the Inlet sample in this orientation because of the small size and poor crystallinity of the smectite. Faint patterns disappear within a few seconds exposure time.
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The T E M images of clay separates from hypersaline mud flat samples mounted on lacy-C Cu-grids show textural evidence for the formation of an authigenic clay phase. For example, in the shallowest 0 -1 cm interval at the most distal Site 3, T E M images of clay aggregates contain many small ( N 2 0 -4 0 nm), subhedral, pseudohexagonal-shaped crystallites ( Figure 6A ). In the deeper 4 3 -4 4 c m interval, larger (100-250 nm), more euhedral pseudohexagonal and lath-shaped crystallites are present ( Figure 6B ). The S A E D patterns of Figure 6 . STEM images of smectite aggregate from the most seaward sabkha mud flat (Site 3) mounted on a lacy-C Cu-grid oriented with c* parallel to the electron beam. A) Smectite from the shallowest interval (0-1 cm) with crystallites <50 nm in diameter; arrows indicate pseudohexagonal 60 and 120 ~ grain boundaries. The SAED pattern (inset) shows diffuse rings with superimposed sets of discrete spots related by pseudohexagonal symmetry and related by random rotation about c*, consistent with larger domains of coherent layers than were present in the marine Inlet sample ( Figure  4) . B) Smectite from a deeper interval from Site 3 (43-44 cm) contains larger (-100-250 nm) pseudohexagonal euhedral crystallites and some lath-shaped crystallites (arrows). The SAED pattern (inset) shows more discrete spots than in the shallower sample in (A), indicating a higher degree of order. The innermost ring of diffraction spots corresponds to (020) and symmetrically equivalent reflections (-4.6 A); the second ring corresponds to (200) and symmetrically equivalent reflections (--2.7 A). such aggregates (inset, Figure 6A and 6B) still contain diffuse rings of spots consistent with turbostratic stacking of layers or overlap of many small crystallites related by random rotation about c*. However, there is also a greater proportion of discrete reflection spots with hexanet symmetry imbedded within the diffuse rings, especially for the sample from the deeper interval ( Figure 6B ). The better-resolved, discrete reflections indicate larger and more coherent smectite domains in hypersaline mud fiat sediments as compared with the marine Inlet sediments described earlier. A) The low magnification image shows a large detrital illite grain (i) and smaller wispy smectite crystatlites (s), B) Enlargement of (A) shows that the detrital illite grain has relatively straight and uniform lattice fringes with regular interplanar spacing of 10 A. In contrast, lattice fringes of smectite crystallites are more irregular with interplanar spacing --12 A. The SAED pattern of smectite ~inset) shows diffuse (001) reflections slightly larger than 10 A consistent with partially collapsed smectite layers. Diffuseness parallel to c* indicates some larger interplanar spacings, while the fanning of reflections perpendicular to c* result from the subparallel nature of adjacent smectite crystallites. C) Enlargement of an isolated wispy smectite crystallite shown in (A) with irregular lattice A low magnification TEM image of an ion-milled acrylic-impregnated hypersaline mud flat sample (Figure 7A) shows a typical aggregate of clay crystals. The large crystal (--3 p,m) in the image is interpreted as illite because of the relatively straight and uniform 10-,~ lattice fringe spacings, the relatively large packet size ( -2 0 layers) ( Figure 7B ), and compositions that are K-and Al-rich as determined by AEM analyses. Associated with the illite grain are smaller (<0.2 ~xm) wispy crystallites interpreted to be smectite because of their irregular --12-,~ lattice fringe spacings and smaller packet size (<7 layers) ( Figure 7B and 7C) .
The SAED patterns of smectite ( Figure 7B ) show 10-,~ and larger (001) electron diffraction reflections consistent with partially collapsed smectite layers. The reflections are diffuse parallel to c*, consistent with the presence of some >10-,~ layers. The fanning of reflections perpendicular to c* is consistent with the subparallel nature of adjacent smectite grains ( Figure   7B ). The SAED patterns also show faint (Okl) reflections. Polytype information is provided only by such (Okl) reflections (e.g., (021) or (041) or pseudohexagonal equivalents (e.g., (111) or (221) for which k 3n (Bailey, 1988; Peacor, 1992; Dong and Peacor, 1996) . The (Okl) reflections in SAED patterns (inset, Figure 7B ) are poorly defined, nonperiodic, and diffuse parallel to c*, consistent with disordered stacking of polytypes referred to as 1M d polytypism (e.g., Peacor, 1992; Dong and Peacor, 1996) . Disordered, turbostratic stacking is indicated by the presence of both (Okl) and faint (hOl) reflections (or the pseudohexagonal equivalents) in the same SAED pattern.
Snzectite chemical analyses
Representative structural formulae calculated from AEM chemical analyses of smectite in the marine Inlet sample are given in Table 3 . Analyses were obtained from near crystallite edges in the lacy-C Cu-grid grain mounts or from individual crystallite packets in ionmilled acrylic-impregnated samples. These regions were confirmed to be smectite, as determined by the presence of wavy, irregular lattice fringes in TEM images of ion-milled samples, diffuse (Okl) spots in SAED patterns of ion milled samples, or diffuse rings in SAED patterns of grain-mounted samples, indicating disordered turbostratic structures. Compositions are Si-rich and K-and Al-deficient relative to ideal muscovite. Si contents range from 6.9 to 7.3 cations/ 22 oxygen atoms with 7.1 to 7.2 cations/22 oxygen atoms typical. (--. fringes with several dislocations (arrows) and interplanar spacing of --12 A. Smectite crystallites are still only a few layers thick (< 10), but longer than crystallites in the marine Inlet sample in Figure 5 . The molar octahedral AI:Mg:Fe proportions (Figure 8A) indicate that the Inlet smectite is dominated by an Al-rich dioctahedral component with a composition close to a beidellite end-member (e.g., R+0.67A14(Si7.34A10.67)O20(OH)4 (Moore and Reynolds, 1997) . Principle non-beidellite components are the substitution of dioctahedral Fe 3+ for v~A1 (nontronite end-member) and substitution of a saponite end-member (e.g., R+0.67(A10.67Mgs.34)(AI1.34Si6.68)Oz0(OH)4). Mg/ (Mg + Fe) mole ratios are --0.50 and Mg/(~iA1 + Mg + Fe) ratios are <0.20 (Table 3 ). The trend toward more Mg-rich compositions may indicate the presence of some Mg-rich smectite derived from the hypersaline mud fiat described in more detail below. Total octahedral occupancy ranges from 4.1 to 4.4 cations/22 oxygen atoms.
The AEM analyses indicate that K § is the dominant interlayer cation, often being the only detectable cation (Table 3 ). The K + contents range from 0.3 to 0.9 cations/22 oxygen atoms. In ion-milled samples, Na + and Ca 2+ contents range from 0 to 0.3 cations/22 oxygen atoms, but are always less than K + contents in a given analysis (Table 3) . Na § could not be determined for smectite in grain mounted samples due to the interference of Cu from the Cu-grids. The total alkali contents of 0.8 to 1.4 cations/22 oxygen atoms are generally insufficient to balance the net negative tetrahedral plus octahedral charges (assuming pure dioctahedral compositions) due, in part, to the diffusional loss of alkalis (especially K +) during AEM analyses (e.g., van der Pluijm et al., 1988) . Substitution of Mg 2+ in vacant octahedral sites results in a lower net negative charge on the octahedral sheets (e.g., Moore and Reynolds, 1997) , relative to an ideal dioctahedral end-member. The relatively small interlayer cation concentrations (<~ 1.0 cation/22 oxygen atoms) and net negative tetrahedral and octahedral sheet charges are consistent with low-charge smectite (e.g., Moore and Reynolds, 1997) . The aluminous dioctahedral compositions of smectite from the Inlet can be approximated by the formula Ko.y(A13.3Fe3 +Mg0.5) (A10.7Si7.3)Oz0(OH)4.
The structural formulae determined from AEM analyses of individual smectite crystallites in grain mounts and ion-milled samples from the hypersaline mud flat samples are given in Table 4 . Again, compositions are Si-rich and K-and Al-deficient, consistent with smectite compositions. The Si contents range from 6.8 to 7.5 cations/22 oxygen atoms with net negative charges on the tetrahedral sheets of 0.5 to 1.2 cations/22 oxygen atoms. Mole ratios of octahedral AI: Mg:Fe ( Figure 8A ) of smectite from the hypersaline mud fiat are significantly more Mg-rich relative to the marine Inlet sample. The data trend from Al-rich compositions close to that of the Inlet sample, the presumed precursor material, toward the Mg-rich corner of the diagrams. Total octahedral site occupancies range from 4.6 to 5.8 cations/22 oxygen atoms indicating that a significant trioctahedral component is present. Smectite Mg/(Mg + Fe) and Mg/(viA1 + Mg + Fe) mole ratios are larger than in the Inlet sample and range from 0,7 to 0.9 and 0.3 to 0.8, respectively (Table 4). Smectite compositions suggest the presence of up to 75% saponitic end-member component, with the remainder composed of beidellite and montmorillonite end-member components. Similar trends toward trioctahedral Mg2+-rich compositions were observed by Banfield et al. (1991b) for authigenic smectite formed in the alkaline hypersaline playa Lake Abert.
Potassium is the dominant interlayer cation in the hypersaline mud fiat smectite, and compositions range from 0.3 to 0.8 K-cations/22 oxygen atoms (Table 4) . Ca 2+, if detected, is always present in lower concentrations than K + in a given analysis, and in general, in lower concentrations than observed in Inlet-sample smectite (<0.2 cations/22 oxygen atoms). The molecular proportions of AI:Mg:K ( Figure 8B ) in the smectite from the hypersaline mud fiat indicate that the K + content does not differ significantly from the marine Inlet sample, The data suggest that a K+-rich illite The Salina Ometepec complex represents a relatively unique environment. Sediment mineralogy is dominated by a siliciclastic and evaporite mineral assemblage because the organic-poor nature of the sediments suppresses the formation of carbonate minerals. Importantly, dolomite, which commonly replaces calcite in other sabkha environments, as in Abu Dhabi (e.g., Butler, 1969; Kinsman, 1969) , remarkably, is absent. The lack of dolomite precipitation is expected to result in elevated Mg2+/Ca z+ molar ratios and high Mg 2+ concentrations in Salina Ometepec pore waters relative to the Abu Dhabi sabkha complex, where calcite precipitation and dolomite replacement occur. To evaluate the extent of Mg 2 § enrichment in the Salina Ometepec pore waters and its possible role in Mg-smectite formation, the variation of Ca 2 § concentrations and Mg2+/ Ca :+ ratios with SO42-concentrations in Salina Ometepec surface and sediment pore waters (Martini, 1997) are plotted in Figure 9 and compared to Abu Dhabi waters (Butler, 1969) . The data are superimposed on the established closed-system seawater evaporation trends of McCaffrey et al. (1987) .
The Ca 2+ vs. SOa 2-concentrations of surface waters from the Gulf of California and the Salina Ometepec and dolomite-poor Abu Dhabi sabkhas superimpose on the established seawater evaporation trend ( Figure  9A ). The change in slope at SO42 concentrations 110 mM corresponds to the onset of gypsum precipitation. As evaporation increases beyond gypsum saturation, Ca 2+ concentrations decrease with increasing SO42-concentration. The Ca 2+ (--30 mM) and SO42-(--90 raM) concentrations of Salina Ometepec overlying waters ( Figure 9A ; Table 1 ) closely follow the expected trend for the evaporation of seawater not yet concentrated to the point of gypsum saturation.
The Ca 2+ and SO42-concentrations of surface waters from dolomite-rich Abu Dhabi sabkhas, however, show a marked increase in Ca 2+ as a result of the equimolar exchange of Mg 2+ for Ca 2+ during dolomite replacement of previously precipitated calcite. The variable concentration of SO42 in these waters is compatible with variable degrees of sulfate reduction typical of marine carbonates with differing amounts of organic-carbon and extents of bioturbation (e.g., Walter and Burton, 1990; Walter et al., 1993) .
The expected variation in the Mg2+/Ca 2+ molar ratio with SO42-concentration during seawater evaporation is shown in Figure 9B . The molar Mg2+/Ca 2+ ratio is --5.0 to the onset of gypsum precipitation. At higher (Martini, 1997) and Abu Dhabi sabkha overlying and pore water (Butler, 1969) . The solid lines in each diagram represent the variation in Ca 2+ with SO42-or MgZ+/Ca 2+ with SO4 2 , respectively, during evaporation of seawater (e.g., McCaffrey et al., 1987) . The change in slope at --110 mmol/1 SO42 corresponds to the onset of gypsum precipitation and removal of Ca 2+ from the evaporating seawater. The Ca 2+ concentration (A) and molar Mg2+/Ca 2+ ratio (B) in overlying water from the Gulf of California at the Inlet and Abu Dhabi lagoon plot at the expected seawater (SW) composition. The hypersaline Salina Ometepec pore water compositions conform to the expected trend for the normal evaporation of seawater into gypsum facies and have low Ca 2+ concentrations (C) and high Mg2+/Ca 2+ molar ratios (D).
degrees of evaporation, the Mg2+/Ca 2+ ratio increases with increasing 8042-concentration as a result of removal of Ca 2+ from seawater during gypsum precipitation (e.g., McCaffrey et al., 1987) . The Mgz+/Ca 2+ molar ratio Gulf of California and Abu Dhabi surface water is --5.1, similar to normal seawater ( Figure 9B ; Table 1 ). As SO42-concentration increases in water overlying the Salina Ometepec and the dolomite-poor Abu Dhabi sabkha, the Mg2+/Ca 2+ ratio remains N5 until the onset of gypsum precipitation, and increases rapidly afterwards ( Figure 9B ). The MgZ+/Ca 2+ molar ratios in overlying water from the dolomite-rich portion of the Abu Dhabi sabkha are <5, consistent with removal of Mg 2+ during dolomite precipitation. The Salina Ometepec and Abu Dhabi dolomite-poor sediment pore water Ca 2+ concentrations decrease with increasing 8042 concentrations along the predicted seawater evaporation trend consistent with rapid removal of Ca 2+ during gypsum precipitation and low degrees of SO42-reduction ( Figure 9C ). Pore waters from dolomite-rich Abu Dhabi sediments show a marked increase in Ca 2+ as a result of the equirnolar exchange of Mg 2+ for Ca 2+ during dolomite replacement of previously precipitated calcite. The Mg2+/Ca 2+ molar ratio of Salina Ometepec and Abu Dhabi dolomite-poor pore waters increases to 60 with increasing evaporation and follows the predicted seawater evaporation trend consistent with gypsum precipitation ( Figure 9D ). In contrast, the MgZ+/Ca 2+ ratios of pore waters from dolomite-rich Abu Dhabi sediments are much lower (2-10) as a result of dolomite replacement of calcite.
The elevated Mg2+/Ca 2+ ratio of Salina Ometepec sediment pore waters at high degrees of seawater evaporation indicates that Mg 2+ concentrations are dominantly controlled by the evaporation into gypsum facies, and are not controlled by other precipitating phases such as dolomite. Thus, the elevated Mg 2+ content potentially is available to form Mg-rich authigenic clay.
TEXTURAL AND CHEMICAL EVIDENCE FOR AUTHIGENIC SMECTITE FORMATION
Textural evidence
The primary textural evidence for the formation of authigenic smectite in the hypersaline mud flat sediments is the ubiquitous presence of tiny sub-to euhedral pseudohexagonal and lath-shaped crystallites to 250 nm in diameter as observed in TEM images (Figure 6 ). These tiny euhedral crystallites are absent in the Inlet sample; only smectite sheets with irregular crystallite outlines occur. Lath-shaped crystallites in particular are typical of first-formed authigenic smectite precipitated during the hydrothermal alteration of bentonites (e.g., Gtiven, 1974) or during early marine diagenesis (e.g., Clauer et al., 1990) .
Furthermore, SAED patterns of smectite crystallites from the hypersaline mud flat samples have many discrete reflection spots representing multiple superimposed hexanets from larger coherent smectite domains than were observed in SAED patterns of smectite in the Inlet sample. The presence of such discrete diffraction spots from mud flat smectite is consistent with development of more highly ordered and coherent smectite packets than were observed in smectite from the Inlet sample. The development of coherent domains is consistent with precipitation of a discrete authigenic phase, or with precipitation of coherent authigenic overgrowths on original detrital Al-rich smectite.
The rapid disappearance of (00l) SAED patterns obtained from smectite crystallites from the Inlet sample is typical of rapid beam damage in highly disordered, small crystals. In contrast, (00l) SAED patterns of smectite from the hypersaline mud flat were more stable under the electron beam, compatible with the presence of larger, more coherent crystal domains in these samples. STEM and SAED textural and structural data are, therefore, collectively consistent with the presence of larger and more structurally coherent smectite crystallites in the hypersaline mud flat samples than in the marine Inlet sample, consistent with formation of authigenic smectite.
Mg-rich trioctahedral component
The trend of increasing Mg-enrichment in smectite from beidillitic compositions, typical of the marine Inlet sample, to saponitic compositions, typical of the hypersaline mud fiat samples of the Salina Ometepec (Tables 2 and 3 ; Figure 8 ), provides the most compelling evidence for formation of authigenic smectite during early near-surface diagenesis. The Inlet smectite is dominantly dioctahedral; whereas the hypersaline mud fiat sample is dominantly trioctahedral. Smectite compositions from different sites within the mud fiat (e.g., salina, Site 1 vs. sabkha mud fiat, Site 3) or from different depths within the same site, widely overlap in Mg/A1 ratios (Figure 8 ). These data suggest that whereas high Mg contents are unique to smectite in the hypersaline environment, they are not a strict function of burial depth (time in the mud flat) or geochemical environment of deposition (e.g., salina vs. sabkha).
The data also indicate that smectite is variable in composition, consistent with a lack of equilibrium. Similar trends in AI:Mg:Fe and AI:Mg:K compositions and degree of heterogeneity were also obtained in smectite from diagenetically altered hypersaline Lake Abert sediments by Banfield et al. (1991b) . To explain the heterogeneity, Banfield et al. (1991b) suggested that authigenic Mg-smectite with a composition close to stevensite precipitated on existing Al-rich, dioctahedral smectite particles. A similar mechanism may produce the heterogeneity in the smectites from the Salina Ometepec. Here, precipitation of Mg-rich trioctahedral saponitic smectite on original detrital dioctahedral smectite could explain the wide range in Mg/ A1 ratios and the apparent complex solid solution of both di-and trioctahedral components. Neoformation of separate Mg-rich saponite directly from sediment pore waters is compatible with the most Mg-rich smectite compositions.
K § as dominant interlayer cation
All AEM analyses of smectite from both the marine Inlet and the hypersaline mud fiat contain K as the dominant interlayer cation (Tables 2 and 3 ). The high-K compositions cannot be explained by accidental inclusion of illite during analyses for two reasons. First, all reported compositions were either obtained on small individual crystallites in ion milled samples isolated from other grains ( Figures 6B and 8C) , or from the very outer edge of aggregate grains in grain mount samples (Figures 4 and 6 ). The analyzed areas had SAED patterns typical of smectite. Second, in the ionmilled samples, analyses were obtained only from crystallites with wavy, irregular lattice fringes with > 10-,~ spacing typical of smectite and SAED patterns showing disordered turbostratic stacking (e.g., Figure  7B ). Such smectite grains were distinguished readily from detrital illite or weathered micas, which occurred as larger grains, had very straight lattice fringes with 10-A spacings (e.g., Figure 7A ), SAED patterns with evidence of some 2M polytypism (not shown), and compositions which were more A1 and K-rich than associated smectites.
